An innovative approach for regionalizing the 3-D effective porosity field is presented and applied to two large, overexploited, and deeply weathered crystalline aquifers located in southern India.
) and tested on the 730 km 2 Anantapur watershed.
At watershed scale, the effective porosity of the aquifer ranges from 0.5% to 2% in Kudaliar and between 0.3% and 1% in Anantapur, which agrees with earlier works. Results show that (a) depending on the geology and on the structure of the weathering profile, the vertical distribution of effective porosity can be very different and that the fractured layers in crystalline aquifers are not necessarily characterized by a rapid decrease in effective porosity and (b) that the lateral variations in effective porosity can be larger than the vertical ones. These variations suggest that within a same weathering profile, the density of open fractures and/or degree of weathering in the fractured zone may significantly vary from a place to another. The proposed method provides information on the spatial distribution of effective porosity that is of prime interest in terms of flux and contaminant transport in crystalline aquifers. Implications for mapping groundwater storage and scarcity are also discussed, which should help in improving groundwater resource management strategies. and particularly-as combined with the aquifer geometry-they provide an accurate image of the groundwater storage of an aquifer, thus valuable information for groundwater management issues.
In crystalline (granite and metamorphic rocks) aquifers, the regionalization of hydrogeological properties (i.e., estimating their spatial distribution) is further complicated, because of their strong natural heterogeneity. Various degrees of fracturing and connection between fracture networks induce strong variations of hydrogeological properties at all scales (e.g., Le Borgne, Bour, & Caudal, 2006; Le Borgne, Bour, de Dreuzy, Davy, & Touchard, 2004; Maréchal, Dewandel, & Subrahmanyam, 2004; Paillet, 1998) . The few available works on upscaling and regionalizing aquifer parameters in crystalline aquifers has mainly focused on transmissivity or hydraulic conductivity mapping, based on hydraulic test data (Chandra, Ahmed, Ram, & Dewandel, 2008; Razack & Lasm, 2006) , classified transmissivity (indexed) maps, or potential aquifer zone maps (Courtois et al., 2010; Darko & Krásný, 2007; Dhakate, Singh, Negi, Chandra, & Ananda, 2008; Krásný, 1993; Krásný, 2000; Lachassagne et al., 2001; Madrucci, Taioli, & de Araujo, 2008) .
Over the past three decades, the geological and hydrogeological characterization of crystalline aquifers has seen significant improvements (Ayraud et al., 2008; Chilton & Foster, 1995; Dewandel, Lachassagne, Wyns, Maréchal, & Krishnamurthy, 2006; Guihéneuf et al., 2014; Lachassagne, Wyns, & Dewandel, 2011 Maréchal et al., 2004; Taylor & Howard, 2000; Wyns et al., 2004) . These works show that, where such hard rocks are exposed to deep weathering processes, the geometry and hydrodynamical properties of aquifers are closely related to the weathering grade of the parent rock. In granite-type rocks, including gneiss, a typical weathering profile comprises two main stratiform layers subparallel to the palaeo-surface at the time of weathering processes (e.g., Krásný & Sharp, 2007; Lachassagne et al., 2011; Maréchal, Dewandel, Ahmed, & Lachassagne, 2007; Reddy, Nagabhushanam, Sukhija, & Reddy, 2009; Wyns, Gourry, Baltassat, & Lebert, 1999; Wyns et al., 2004) . From top to bottom they are (a) the saprolite layer, a sandyclayey to clayey-sandy material usually characterized by low hydraulic conductivity and high effective porosity, and (b) the fractured layer, characterized by a depth decrease in the number of fractures Houston & Lewis, 1988; Howard, Hughes, Charlesworth, & Ngobi, 1992; Maréchal et al., 2004; Wyns et al., 2004) and usually low effective porosity. The underlying unfractured and fresh bedrock is only locally permeable, and most authors consider that hydraulic conductivity is related to local tectonic fractures with highly variable hydrodynamic properties (e.g., Kuusela-Lahtinen, Niemi, & Luukkonen, 2003; Leveinen, Rönkä, Tikkanen, & Karro, 1998; Pickens, Grisak, Avis, Belanger, & Thury, 1987; Walker, Gylling, Strom, & Selroos, 2001 ).
On the basis of this concept of a stratiform hard rock aquifer, Dewandel et al. (2012) proposed a methodology for regionalizing effective porosity-and also hydraulic conductivity-at the watershed scale.
The method is based on the concept that large-scale variations in hydraulic head may characterize large-scale properties. For the effective porosity, the method combines-at cell scale-water ). The resulting estimates were confirmed by hydraulic tests carried out on the area and by effective porosity estimates at watershed scale (Dewandel et al., , 2010 Maréchal et al., 2004; Maréchal, Dewandel, Ahmed, & Galeazzi, 2006) . However, the developed method could only determine effective porosity values for that part of the aquifer where the water table fluctuates, but not for the entire aquifer.
The novelty of the present work consists in using satellite-based data (for groundwater abstraction) and in developing an original approach that allows extending the effective porosity in 3-D to the entire aquifer while combining it with the structure of the weathering profile. A method for mapping the weathered layers (based on geological and geophysical surveys) is also developed.
Results are illustrated in detail for the Kudaliar 983 km 2 unconfined granite aquifer exposed to deep weathering in southern India, state of Telangana ( Figure 1a) . The method then was tested on another area with a more complex geology, the Anantapur watershed ( The mean annual temperature is 26°C, but in summer (March to May), it can reach 45°C. The area is rural and populated by about 303,000 inhabitants Indian Census, 2001 ).
| Geology
The geology of the area is relatively homogeneous and consists of Archean biotite granite commonly found in the Hyderabad region ( Figure 1a ; GIS, 2002) . Locally, the granite is intruded by small pegmatite bodies (1-to 10-m-wide veins striking N45-60), metre-wide dolerite dykes of several geological ages (2.5-1.6 Ga; GIS, 2002; striking N000, N045, and N100), and a few other intrusives (adamellite-granodiorite and amphibolite-hornblende-biotite schist enclaves). The granite is affected by deep in situ weathering resulting from multiphase weathering-erosion processes . The weathering profile is formed of two main layers: saprolite and a fractured layer. The saprolite layer is composed of a few metres of saprolite of sandy texture (sandy regolith) and a thick layer of lami- the granite is not fractured and is not considered as an aquifer Maréchal et al., 2006) .
| Groundwater and irrigation
As in most of southern India, groundwater is the only perennial water resource and is exploited by a large number of private borewells (7,000 to 10,000 in the area) for the irrigation of rice, vegetables (tomatoes, eggplant, lady's finger, chillies, etc.), maize, cotton, and a few other crops (sugar cane, pulses, and oilseeds). Plots are watered using flooding and ray irrigation techniques. Well discharge rates are generally low, ranging from less than 1 m 3 /hr to, exceptionally, a few tens of cubic metres per hour.
Land use characterization at parcel scale was performed on LISS-4
and Spot-5 images (6 and 10 m spacing, respectively) for the 2009 rainy season and the following 2010 dry season, with training and validating ground data (Ferrant et al., 2014 (Dewandel, Gandolfi, de Condappa, & Ahmed, 2008) . Groundwater also supplies domestic uses, of which the amount is based on census data (Indian Census, 2001 and 73 ± 9 mm during the dry and rainy seasons, respectively (average over Dewandel et al., 2010; Maréchal et al., 2006) . These computations also show that 86% of the annual groundwater abstraction is used for rice irrigation (196 mm/year; 176 Mm 3 /year), whereas domestic use is less than 1.5%.
Water table maps were drawn based on groundwater level measurements from 104 borewells (abandoned wells, i.e., never pumped) Note. Cropping stages, for rice, only 7% of the plots are irrigated during the nursery stage (before transplanting the young rice plant with rice seeds sown in small plots); during preharvesting (maturation stage), rice is not watered; GW-abs. = groundwater abstraction in cubic metres and millimetres. Plot watering = amount of water brought for irrigation; − = not concerned. water storage of an unconfined aquifer during a dry period is Schicht & Walton, 1961; Zaidi, Ahmed, Maréchal, & Dewandel, 2007) :
Example of electrical resistivity well logging (apparent resistivity) used for estimating the total thickness of the weathering profile; Kudaliar watershed
where Δs is the change in groundwater storage (m), Δh is the water Groundwater abstraction by pumping, Q, has been computed from the land use map. The map has been aggregated on a 100 × 100-m cell grid, each cell corresponding to a specific cropping pattern and/or urban area. Knowing the groundwater consumption of each land use category, the groundwater abstraction map could be computed (Figure 2a) . Irrigation return flow, RF, was calculated according to return flow coefficients of each groundwater use (ratio of water input over return flow to the aquifer); Table 2 gives the used return flow coefficients Maréchal et al., 2006) . Each coefficient was thus applied to the corresponding groundwater use for the dry season, which allows computing the net groundwater abstraction Q-RF in each cell. (Dewandel et al., 2010) , and can be neglected. In addition, the absence of perennial stream and spring flow because of the disconnection between the water table and the hydrological network leads to nil q bf . Therefore, Equation 1 can be simplified, and Sy becomes
Maréchal et al. (2006) and Dewandel et al. (2010) and q on or their balance will not be negligible as the radius of influence of the pumping will be larger than the size of the cell. Therefore, assuming for this example, a nil q off − q on will induce an overestimation of Sy in Equation 2. Conversely, if the cell size is larger than the radius of influence of the pumping, or a group of pumping wells, the whole of the pumped volume will be abstracted from this large cell. The proposed approach in Dewandel et al. (2012) is similar to a coarse-graining method, which means that the system is observed with decreasing number of cells whose size is increasing. Because the aquifer is heavily pumped for irrigation, the main component of water flow (Q and RF) is vertical, except near the pumping wells where horizontal flows are not negligible (i.e., q off and q on ). Thus, horizontal flow may occur in a small cell, but should disappear or be counterbalanced as the cell size increases towards a particular threshold size, which depends upon the typical spacing between pumping wells (or group of pumping wells), as well as on local aquifer properties. Q-RF and Δh being known, but "q off − q on " (horizontal flows) unknown, the aim of the method is to optimize the cell size for which q off − q on is negligible compared to vertical flow (i.e., Q and RF) by making a cluster of computations of groundwater budget using increasing cell sizes. When increasing the size of the cells where the computations are done, the average of the cell's Sy values decreases to become near stabilized at a value corresponding to the average Sy of the area, that is, the one obtained while considering the watershed as a single cell 
| 3-D effective porosity field
Because of the mapping of the weathered layers, the part of the weathering profile, where the water table fluctuates, is known not only locally within the saprolite layer or at the top of the fractured layer but also deeper (Figures 4 and 9) . Therefore, each cell of the previous effective porosity map is associated with a particular location within the weathering profile. Thus, for estimating the 3-D effective porosity field, the system has been sliced according to the saprolite-fractured layer interface. This allows differentiating the Finally, all Sy depth interval maps were aggregated to produce an average Sy map at the aquifer scale. This map can then easily be used for the computation of a groundwater storage map, defined as the amount of water that is present in the aquifer (amount = Sy * saturated (Table 3) . 
A N-S cross section of the Kudaliar watershed (Figure 9 ) shows the aquifer interval where the water table fluctuates and thus the interval Note. Q (groundwater abstraction) is taken from Table 1 (GW-abs.). Figure 8 ) presents the location of the cross section limit the deepening of the weathering front. Additionally, differences may come from different weathering-erosion contexts, one watershed having been more exposed to weathering or erosion because of landscape rejuvenation of the Indian peninsula (Radakrishna, 1993) . But, as the number of Sy outlier values (here considered as abnormal data) decreases rapidly, it is possible to evaluate the threshold size. Sy variability within the weathering profile can be more important than the Sy variability between rocks of the same group.
| 3-D effective porosity

| Implications for mapping groundwater storage and scarcity
The understanding of 3-D effective porosity distribution provides new insights that can help in explaining an observed local seasonal water level decrease as well as a hydraulic disconnection in the aquifer because of pumping (Guihéneuf et al., 2014) .
Combining the map of Sy values established for the entire saturated thickness (Figure 13 ) with the thickness of the saturated aquifer provides a groundwater storage map (Figure 14a ,c) and thus the location of potential aquifers. Depth variation of the groundwater storage at watershed scale is presented in Figure 15 . Sy being higher in the Kudaliar watershed, the groundwater storage is higher as well, in Kudaliar, 85% of the area has less than 3 years of storage, whereas this is 70% in Anantapur.
This demonstrates that both watersheds are clearly exposed to drought because of intensive pumping but that their exposure is contrasted. Even if the Kudaliar watershed has the greater aquifer reserve, it is the most exposed to groundwater scarcity because of Anantapur, the area is drier-annual rainfall is 60% less than in Kudaliar-and also highly pumped. Even so, the years of available storage are on average significantly longer, indicating that the area is more subject to groundwater scarcity because of low monsoon recharge than, surprisingly, because of pumping. However, the northern part of the area is highly exposed to drought, with less than 2 years of groundwater storage. It seems that farmers at Anantapur have adapted their groundwater needs (irrigation and water supply) to what can be provided by the natural resource. This may have been induced by water policy strategies and local experience of cultivation in a drier climate, motivating farmers to save groundwater for future dry years. This confirms that, even if groundwater storage is less, the adaptability of farmers to adjust their cropping patterns to borewell yields and climate plays an important role in facing successive drought periods Fishman, Siegfried, Raj, Modi, & Lall, 2011 Dewandel, Lachassagne, Zaidi, & Chandra, 2011; . In Anantapur, additional field data should be collected to determine if the relationship varies significantly according to the geology, which is more complex.
We show that alternative methods using basic field measurements and satellite remote-sensing data can be used for regionalizing effec- and from 0.3% to 1% (0.6% on average) at Anantapur. The proposed method provides information on the spatial distribution of porosity that can be used in groundwater modelling and for testing the impact of climate change (Ferrant et al., 2014; Vigaud, Vrac, & Caballero, 2012) . for identifying the areas more exposed to groundwater scarcity. Results also show the capabilities of farmers to adapt their cropping pattern to their natural resource and also that aquifer drought may occur more frequently in Kudaliar, which may lead to a further increase of the already high number of dry borewells. In extreme cases, such as the low 2004 monsoon in Andhra Pradesh, this has led to bankruptcy and suicides, due to the failure of borewells producing enough water to sustain crops (Maréchal, 2010) .
Further research should confirm the linear dependency of saprolite thickness according to total weathering profile thickness, particularly over other hard rock formations than granite (e.g., schist).
The technique used for estimating the 3-D effective porosity field should also be improved, particularly by developing techniques to refine the location of groundwater abstraction, adapted to areas without groundwater exploitation or applied to other hard rock environments. Decision support tools using the water table fluctuation and groundwater budget techniques at watershed scale (e.g., Dewandel et al., 2010) could be downscaled to cell size, for example, by incorporating the 3-D Sy field, to predict water levels with variable agro-climatic scenarios and thus improve groundwater management.
